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Abstract. A polymer optical fiber strain sensor with extended dynamic range is reported. The proposed algo-
rithm resets the reference fiber status depending on the magnitude of the specklegram deviation so the corre-
lation coefficient never saturates, yielding a continuous response over the full range for both positive and
negative strains. The technique was evaluated on the measurement of axial strains using a ZEONEX core,
poly(methyl methacrylate) cladding multimode fiber, presenting reproducible results with 3 × 10−3 με−1 sensitiv-
ity (∼15 με resolution) within a 22;600 με interval. In contrast to the available approaches, the presented method
can retrieve the strain direction and does not require intensive image processing, thus providing a simple and
reliable technique for mechanical measurements using multimode optical fibers. © 2018 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.11.116107]
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1 Introduction
The measurement of strain and stress is essential in several
technological fields, including structural health monitoring
in civil construction1 and aerospace2 industries, biomedi-
cine,3 and robotics.4 Even though the assessment of such
microscale mechanical displacements can be accomplished
by different types of invasive and noninvasive techniques,5
optical fiber sensors have been extensively applied on prac-
tical strain measurements, especially due to their lightweight,
high sensitivity, electrical insulation, remote and distributed
sensing capabilities, and immunity to electromagnetic
interference.6
Currently, several designs of optical fiber strain sensors
have been proposed, such as fiber Bragg gratings7 and
long-period gratings,8 in-fiber interferometers based on het-
erocore structures,9 fiber tapers,10 multimode interference
fiber devices,11 photonic crystal fibers,12 and stimulated
Brillouin scattering distributed sensors.13 Although the
aforementioned setups present notable performance in
terms of sensitivity and resolution, most of these sensors
rely on the realization of additional processes on the optical
fibers—like grating fabrication and tapering—as well as on
the utilization of precise and expensive interrogation
systems.
In this context, fiber specklegram sensors (FSS) figure as
promising alternatives to the usual sensing schemes since
they can be implemented with multimode fibers (MMF)
and conventional low-cost cameras, present high sensitivity
(comparable to interferometric techniques) and can perform
quasi-distributed measurements.14–16 Indeed, successful
applications of FSS have been reported concerning the
assessment of displacement,14 force,17 temperature,18 and
chemical concentration.19
Recently, the use of polymer optical fibers (POF) has been
investigated in order to increase the response of FSS. In
addition to their intrinsic advantages over silica fibers,
such as enhanced mechanical properties and ease of fabrica-
tion,20 POF can also be designed with larger core dimen-
sions, thus supporting a greater number of modes, which
reflects on the improvement of the speckle field spatiotem-
poral characteristics.15
The interrogation of FSS is typically carried out by evalu-
ating the correlation coefficient between the speckle field
images obtained for a reference and an interrogated fiber sta-
tus, making it possible to detect the subtle changes induced
by the measured variable. In spite of the high sensitivity pro-
vided by such methodology, the dynamic range is limited by
the saturation of the correlation coefficient,14 which restricts
its application to small strain values. Alternatively, the
mechanical stimuli can be assessed by computing the differ-
ential correlation between the specklegrams acquired in con-
secutive frames,21 so the response is never saturated for
normal operating conditions. Although this method can be
employed on displacement and vibration sensing, it is not
possible to determine the stress direction and absolute
value, once the reference frame is changed every iteration.
Another approach is composed of performing a morphologi-
cal processing over the acquired field images in order to
identify the most representative light speckles (in terms of
intensity and stability), so the correlation is evaluated for
tracking their spatiotemporal variations.22 This technique
can be utilized for performing strain measurements with
high sensitivity and improved dynamic range, but additional
steps of image processing and features extraction are
required, which increases the computational complexity.
In this sense, the present paper reports a POF strain sensor
based on fiber specklegram analysis with automatic dynamic
range extension. The reference fiber status is reset depending
on the magnitude of the speckle field deviation, so the cor-
relation coefficient never saturates. Moreover, in contrast to
the differential approach, it is possible to detect the strain
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direction by using an additional reference specklegram,
yielding a continuous response over the full range with
sensitive and reproducible results.
2 Fundamental
2.1 Optical Fiber Specklegram
When the light from a coherent source is guided through a
MMF, a speckle-like pattern emerges at the fiber end face.
This specklegram is produced due to the interference
between the several propagating modes and its characteris-
tics change with the waveguide conditions, causing the
modal noise.23 Even though such phenomenon must be
avoided in optical communication systems, actually the
speckle fields contain precise and reproducible information
about the fiber status,14,24 making it suitable for sensing
applications.
Given the complex amplitude Aðx; yÞ of the M guided
modes:
EQ-TARGET;temp:intralink-;e001;63;543 ðx; yÞ ¼
XM−1
m¼0
amðx; yÞ exp½jφmðx; yÞ; (1)
where amðx; yÞ and ϕmðx; yÞ are the amplitude and phase dis-
tributions, respectively, of the m’th mode. The intensity
Iðx; yÞ of a specklegram projected over an xy plane is






aman exp½jðφm − φnÞ; (2)
therefore, the intensity distribution varies according to the
modal phasing deviations caused by the external stimuli.
The number of visible speckles is approximately equal to
the number of guided modes M. Assuming that the modal
power distribution is uniform within the core region, the








where V is the normalized frequency, r is the core radius, k0
is the light free-space propagation constant, and NA is the
fiber numerical aperture.25 As previously mentioned, larger
core POF can be used for increasing M and, consequently,
the number of features in the specklegram images, thus
improving the fiber sensitivity to the external stimuli.26 In
practice, the M value is much lower than the estimated by
Eq. (3) since the optical setup is based on a Gaussian
beam launching, so the light is preferably coupled to the
LP0m modes.
27 On the other hand, subtle misalignments
caused by lens defocusing, as well as angular and axial off-
sets cause the modal power to the distributed to the high-
order modes, so the characteristics of the projected speckle
field strongly depend on the launching conditions.28
2.2 Specklegram Correlation with Dynamic Range
Extension
Consider the specklegrams Iðx; yÞ measured for the interro-
gated fiber status and I0ðx; yÞ obtained for a reference con-
dition. The subtle differences between I and I0 induced by
the external variable can be quantified with the evaluation of
the zero-mean normalized cross-correlation (ZNCC):
EQ-TARGET;temp:intralink-;e004;326;730ZNCC ¼
R R ðI0 − Ī0ÞðI − ĪÞdxdy
½R R ðI0 − Ī0Þ2dxdy
R R ðI − ĪÞ2dxdy1∕2 ; (4)
where Ī0 and Ī are the average intensity values for the refer-
ence and the current fiber statuses, respectively.29 In com-
parison to the simple normalized correlation coefficient,14
the ZNCC suppresses variations in the image brightness,
providing a more robust response.29
As observed in Eq. (4), ZNCC ¼ 1 when I matches I0,
whereas its value is decreased as the current specklegram
deviates from the reference one, until it reaches a saturation
level from which the differences between I and I0 become
too large. A possible approach for extending the measure-
ment interval is composed of periodically resetting the refer-
ence speckle field image,14 so the ZNCC is restored to 1 and
the FSS sensitive region is shifted. Additionally, since the
specklegram characteristics are reversible under controlled
conditions, one may attempt to evaluate the correlation coef-
ficients referenced to several calibration points, making it
possible to characterize the fiber statuses over the full meas-
urement range, but, in practice, performing such intensive
calibration may be laborious and demand considerable com-
puter processing.
The methodology proposed in this work for extending the
dynamic range is based on calculating the ZNCC for two
reference statuses I0A and I0B, yielding ZNCCA and
ZNCCB, respectively. The ZNCCB is compared to a thresh-
old value τB for each iteration, so given the current speckle-
gram I, if ZNCCB ≤ τB, the reference is set to I0B ¼ I,
causing ZNCCB to be restored to 1. This situation occurs
when the fiber disturbance increases in modulus in one direc-
tion, for example, a tensile axial stress. In order to keep the
previous reference, the ZNCCA is set to I0A ¼ I0B before
updating I0B.
Conversely, if the external stimulus is applied in the oppo-
site direction, such as a compressive load, the ZNCCB will
tend to increase as the current specklegram gets correlated
with the reference status, reaching ZNCCB ¼ 1 when
I ¼ I0B because the speckle field changes are reversible.
However, the ZNCCB value will start to decrease again as
the negative strain is increased because I will depart from
the reference point I0B, so it is not possible to retrieve the
strain direction due to the ambiguity of the ZNCC curve
behavior. On the other hand, once I0A retains the previous
calibration, the ZNCCA will increase monotonically even
if the ZNCCB reaches its turning point for the fiber statuses
comprised between I0A and I. In this sense, ZNCCA can be
compared to another threshold value τA, and consequently,
the strain direction is reversed if ZNCCA ≥ τA.
The extended zero-mean normalized cross-correlation
(EZNCC) coefficient is therefore evaluated as follows:
EQ-TARGET;temp:intralink-;e005;326;156 ZNCC ¼ EZNCC0∓ðZNCCB − 1Þ; (5)
where EZNCC0 is a cumulative offset due to the ZNCC
curve reset, and the term (ZNCCB − 1) can be negative
or positive for tensile or compressive strains, respectively.
The algorithm for automatic EZNCC evaluation is shown
in Table 1.
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3 Materials and Methods
3.1 Fabrication of Polymer Optical Fiber
The POF used on this work was fabricated at the Specialty
Optical Fibers Laboratory, UNICAMP,30 and is formed by
two materials, a poly(methyl methacrylate) (PMMA) clad-
ding and a cyclo-olefin polymer (ZEONEX 480R®)31 central
core.
First, ZEONEX pellets were extruded to a 1.3-mm thick
filament in a vertical extruder. Such thread was inserted in a
70-mm PMMA rod with a central hole to form the fiber pre-
form. Next, the preform was taken to a polymer pulling
tower and pulled into a 12-mm cane. This intermediate proc-
ess is carried out in order to avoid major structural deforma-
tions in the fiber.
The last fabrication step included drawing the cane to a
fiber stage. The procedure was conducted with the real-time
control of the process parameters, such as the furnace tem-
perature (∼215°C), preform feed speed (typically
∼1 mm∕min), fiber pulling speed (typically around few
m∕min), and fiber tension, whereas the fiber external diam-
eter was constantly monitored by a laser meter. Negative
pressure was applied to the cane to minimize air gaps in
the core/cladding interface. Fiber tension was kept at low
values (<100 g) during the drawing in order to produce a
fiber that can be easily cleaved with a sharp razor blade.32
The photograph of the fabricated POF is shown in Fig. 1.
The waveguide presents step-index profile (core and clad-
ding refractive indexes of 1.52 and 1.49 in the visible wave-
length, respectively), with cladding and core diameters of
450 and 70 μm, respectively.
3.2 Experimental Setup
The measurement setup is depicted in Fig. 2. The light emit-
ted by a He–Ne laser source (Newport, continuous-wave,
633 nm) is launched into the ∼40-cm length polymer
fiber by means of an optical alignment system and an objec-
tive lens (20× magnification, NA ¼ 0.40). The waveguide
was carefully manipulated and cleaved at room temperature
by using a razor blade, followed by verification of the fiber
end face conditions using a microscope, as the end face con-
ditions can modify the angular distribution of the output
light. Next, the waveguide is slightly stretched and fixed
to a mechanical stage, and then the output specklegram is
projected over a plane surface by using an objective lens
(NA ¼ 0.40). Finally, the ∼10 cm diameter speckle field
image is recorded using a CCD camera (uEye IDS UI-
2230SE-C-HQ, 1/3” size color sensor, 1024 × 768 pixels
resolution, 15 fps rate) and processed by routines pro-
grammed in MATLAB, Mathworks.
Regarding the fiber launching, it is worth noticing that the
setup was adjusted so the light was mostly confined inside
the core region. Such procedure is important to reduce the
contribution of the cladding modes, once the extraneous
refractive index changes induced at the PMMA–air interface
can result in specklegram fluctuations due to the possible
coupling between core and cladding modes,33 and thus com-
promise the repeatability of the measurements.
The experiments were conducted at room temperature and
in the absence of mechanical vibrations, which could affect
the specklegram formation and stability. Moreover, the mea-
surements were carried out in a dark environment in order to
minimize the influence of external illumination during the
images acquisition.
For the assessment of strain sensitivity, a ∼8.4 cm section
of the fiber is attached to a linear stage, being one extremity
connected to the moving part, whereas the other side is
Fig. 1 Cross-section view of the POF end face.
Fig. 2 Experimental setup. LS: laser source; L: objective lens; AS:
fiber alignment stage; POF: polymer fiber; SG: specklegram projected
over flat surface; CCD: camera. The fiber section under test (FUT) is
excited by the controlled external stimulus u.
Table 1 Algorithm for EZNCC evaluation.
Function EZNCC








elseif ZNCCA ≥ τA and sign ¼ −1
sign← − sign
EZNCC←EZNCC0 þ sign  ðZNCCB − 1Þ
return EZNCC
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firmly fixed to a static support to prevent slip. The system is
controlled by a linear stepper motor (Newport ESP301,
0.001 mm∕step), making it possible to apply precise
axial loads.
3.3 Data Analysis
The data analysis procedure is presented in Fig. 3. Given the
projected speckle field, a square 51 × 51 pixels region-of-
interest (RoI) is defined at the specklegram center for com-
prising most of the visible light peaks and eliminating the
border effects. Next, the acquired image in RGB space is
converted to grayscale and then filtered by 2-D discrete
wavelet transform (Daubechies db4) for denoising.
Finally, the processed images are submitted to the ZNCC cal-
culation frame-by-frame, so the obtained values can be cor-
related to the measured variables by frames synchronization.
It is worth noticing that the RoI size was determined after
preliminary tests: even though larger images can improve
the sensitivity because of the amount of pixels to be com-
pared during the ZNCC evaluation,26 there are some draw-
backs concerning the ZNCC algorithm processing time
especially regarding the application of the wavelet filter,
so the 51 × 51 pixels RoI provided the more reliable results
concerning both scenarios.
4 Results and Discussion
4.1 Analysis of Specklegrams Stability
Even though the launching setup was adjusted to confine the
light inside the core region, a part of the incident beam is still
expected to be coupled to the cladding modes. Typical
schemes for FSS interrogation perform the specklegram
image acquisition by means of a camera or a detector
array directly placed in front of the fiber end face,14,15,21,34
but the cladding modes should be stripped in order to
make the measurements more robust to the environmental
effects. In particular, the fabricated POF was not coated
with an external jacket since it could change the fiber
mechanical properties and reduce the sensitivity to the
applied strains, so the contribution of the cladding modes
is not removed by a higher refractive index buffer, making
it difficult to conduct the direct specklegram analysis in the
near-field.
Alternatively, the light speckles bounded to the fiber core
can be separated from the cladding ones by projecting the
output specklegram over a flat surface instead of the camera
plane, so the cross-correlation is evaluated by considering
only the core propagating modes and the measurements
can be conducted without covering the fiber with index
matching liquids. To demonstrate such improvements on
the specklegram stability, the POF was initially kept in
the absence of external stimuli, whereas the projected
speckle field was recorded for 500 frames. After that, the
experiment was repeated by maintaining the same launching
setup, but the objective lens was removed and the camera
was placed in front of the fiber end face in order to capture
the output light.
As observed in Fig. 4, the ZNCC evaluated for the pro-
jected speckle field presents a slight decay and then stabilizes
at ZNCC ≅ 0.95. The correlation coefficient is not locked to
1 probably due to variations on environmental conditions,
but such offset does not affect the sensor response in a sig-
nificant manner. It is also worth noticing that the target plane
was kept stationary during the tests, so the effects related to
the surface texture and motion can be neglected.
On the other hand, the ZNCC obtained from the directly
acquired specklegram (Fig. 4) exhibited a drastic decrease
after ∼50 frames (3.3 s), reaching the stabilization for
ZNCC ≅ 0.77. Given that the camera was placed at a rela-
tively short distance (∼50 mm) from the fiber end face, the
acquired images contain superposed information from both
core and cladding propagating modes. As the latter is more
susceptible to the external effects at the cladding–air inter-
face, especially the high-order modes,35 a granular pattern
that undergoes dynamically spatiotemporal changes is pro-
duced, yielding fluctuations in the pixels values and thus
inducing the correlation loss.
The stabilization of the ZNCC value can be explained as
follows. As previously mentioned, the correlation coefficient
decreases as the current specklegram I deviates from the
reference one I0. Since the fiber was maintained under
the undisturbed status during the experiments, the variations
in the pixel values were solely caused by the moving grains
(modulated by the cladding modes), and not by light attenu-
ation or mode coupling due to fiber bending, for example.
Fig. 3 Diagram of specklegram analysis: a RoI is extracted from the
projected specklegram (SG), resulting in an RGB image, which is con-
verted to grayscale (GS) and then filtered by 2-D discrete wavelet
transform (2DWT). Finally, the intensity of the k ’th frame IðkÞ is cor-
related to the references I0A and I0B in order to obtain the ZNCCA and
ZNCCB for each frame, and consequently, the extended correlation
coefficient EZNCCðkÞ.
Fig. 4 Variation of ZNCC for an undisturbed POF regarding the analy-
sis of the projected and the directly measured specklegrams.
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Consequently, the intensity of particular pixels will tend to
depart or to be restored to the reference condition depending
on the fluctuation of light speckles, so even though I con-
tinues changing, some pixels will get correlated again and
the overall contribution of the pixels prevents the ZNCC
to keep decreasing with time.
In order to elucidate such phenomenon, the specklegram
images for the k’th frame IðkÞ were compared to the initial
fiber status I0 ¼ Ið1Þ, so the variations between the speckle
fields can be evaluated in terms of the absolute difference
ΔI ¼ jIðkÞ − I0j. In this sense, as the ΔI overall value
increases, the correlation between IðkÞ and I0 is lost, causing
the NIPC do decrease. The results of the projected speckle-
gram analysis are illustrated in Fig. 5(a) regarding the frames
k ¼ 1, 10, 25, and 50. Even though the principal light peaks
are preserved in terms of amplitude and position, the even-
tual fluctuations in the experimental setup induce slight var-
iations in the pixel values, affecting the correlation
coefficient so the ZNCC was not maintained at 1.
Conversely, the direct acquisition, Fig. 5(b), yields small
grains that behave like a noise in the output image, increasing
the absolute difference with time and making it difficult to
obtain reproducible measurements. It is worth noticing that
part of the light speckles was still preserved in this case,
being related to the core propagating modes, making it pos-
sible to perform practical sensing by utilizing the morpho-
logical operations technique.22 Moreover, one can attempt
to apply digital filters36 or statistical analysis23 for sup-
pressing the noise, but important information regarding
the fiber status can be lost during such data reduction step.
4.2 Strain Measurements
The sensor response to axial strain was evaluated by adjust-
ing the controller to move from 0 to 0.03 mm in steps of
0.003 mm and keeping each load value during 100 acquis-
ition frames, and then computing the ZNCC with respect to
the undisturbed status. The results regarding the average of
three upscale/downscale experiments are shown in Fig. 6(a),
Fig. 5 Specklegram images IðkÞ obtained by (a) projection and (b) direct acquisition methods. The bot-
tom images show the absolute difference between the specklegrams for the k ’th and the reference (first)
frames. The ZNCCðkÞ values are also displayed for each frame. The intensity values were normalized for
the sake of visualization.
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with the linear displacements converted to microstrains (με).
Since the specklegram aspect undergoes spatial changes as
the strain magnitude is increased, the ZNCC tends to
decrease until it saturates at ∼0.15. Since the sensor presents
a linear response within the 0 to 285 με range, one may
obtain the static response from the angular coefficient
of the curve fitting, yielding 3.10 × 10−3 με−1 sensitivity.
Assuming a detectable variation of ΔZNCC ¼ 0.05, the
strain resolution can be estimated as 0.05∕3.10 × 10−3 ≅
16.13 με.
Next, the EZNCC was computed for the same previous
data, yielding the calibration curve presented in Fig. 6(b).
For convenience, the thresholds were set to τA ¼ τB ¼
0.5, which means that the correlation coefficient is reset
when ZNCCB ≤ 0.5, but these values can be adjusted to
any setpoint over the saturation limit of the ZNCC. In this
case, the dynamic range was extended to the full range
(358 με) resulting in a 3.31 × 10−3 με−1 sensitivity and
0.05∕3.31 × 10−3 ≅ 15.11 με estimated strain resolution,
indicating that the measurement interval was successfully
improved without compromising the sensor gain.
In order to demonstrate the repeatability of the measure-
ments, the POF was subjected to cyclic strains within the
linear range, in which the moving stage was programmed
to translate from 0 to 0.024 mm with 0.003 mm steps by
keeping the static load for 50 frames and then return to
the initial position. This procedure was repeated six times,
yielding input strain values ranging from 0 to ∼286 με,
and the hysteresis uncertainty uh was obtained by calculating
the average of the absolute difference between upscale
and downscale data divided by the full scale for each
period.
The sensor response in terms of ZNCC for two periods is
shown in Fig. 7(a), demonstrating that the correlation coef-
ficient value is practically recovered at the end of the loading
cycle. Since the speckle field changes were reversible, the
waveguide structure was probably not modified during the
experiments, so the measurements were repeatable within
the tested interval. The summarized results for six repetitions
yielded low hysteresis with uh ¼ 3.34%.
Regarding the EZNCC, the extended cross-correlation
was evaluated for τA ¼ τB ¼ 0.5, providing the results illus-
trated in Fig. 7(b). It is observed that the sensor response was
more linear than the obtained for the ZNCC because the
reference is reset before the correlation curve approaches
to the saturation value, whereas in Fig. 7(a), the sensitivity
is decreased if the axial loading is close to the maximum
strain. Moreover, in contrast to the available techniques,14,21
the proposed method allows for preserving the stress direc-
tion in addition to the dynamic range extension since the sen-
sor characteristics are still reversible. The hysteresis
uncertainty calculated for the EZNCC was uh ¼ 3.73%,
which is comparable to the ZNCC.
Finally, to demonstrate the sensor operation for a larger
strain interval, the POF was subjected to 1.9 mm total defor-
mation (corresponding to ∼22600 με ¼ 22.6 mε) by mov-
ing the stage with steps of 0.01 mm. A comparison of the
results obtained for the ZNCC and EZNCC for the 1-mε
interval is depicted in Fig. 8. Due to the magnitude of the
strain increments, the ZNCC rapidly saturates after
∼0.3 mε, but the EZNCC response remains linear as the
reference specklegram is conveniently updated (both thresh-
old values were set to 0.5). Concerning the analysis for the
full range, one may observe in Fig. 9(a) that the sensor static
characteristics were notably improved in relation to the con-
ventional cross-correlation analyses, providing a linear
response with 3.02 mε−1 (3.02 × 10−3 με−1) sensitivity. At
last, a compressive stress was simulated by reversing the
specklegram change history in order to show the ability
of the proposed technique to detect the strain direction
even in the case of larger deformations. As shown in
Fig. 9(b), the tensile and compressive stimuli can be properly
distinguished without requiring the assignment of absolute
reference points, making the ENZCC more versatile than
the differential correlation analysis.
In addition to the stability of the sensor static character-
istics, it is worth noticing that the POF supported a relatively
high deformation value (above the elastic limit) without suf-
fering rupture, which exceeds the practical limits of silica
fiber sensors. Moreover, even though optical losses were
expected for a mechanically loaded condition,37 the FSS sen-
sitivity was not significantly degraded for extreme strain val-
ues, so the contribution of the changes on light speckles
configuration will impact more on the correlation calculus
than the average light intensity.
The sensor sensitivity can be still enhanced by making
some improvements in the experimental setup. Examples
include choosing the appropriate objective lens NA,28
Fig. 6 Sensor static response: (a) ZNCC and (b) EZNCC as a function of axial strain. The solid line
indicates the linear curve fitting.
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applying a controlled axial offset in the launching setup,38
and using mode scramblers based on macro- and microcur-
vatures. These techniques allow for controlling the power
distribution, so it is possible to excite a higher number of
modes or select the more appropriate ones,39 making the
specklegram spatiotemporal changes more evident.
In spite of the reported results, some considerations must
be taken in account concerning the application of the pro-
posed sensor in practical measurements. As observed in
all types of FSS, the output speckle field is very sensitive
to any change in the light guiding condition induced by
the fiber refractive index modulation. Remarkably, mechani-
cal disturbances, such as vibration and bending, can produce
correlation losses due to changes in the specklegram configu-
ration and lead to inaccurate strain values. The first case can
be compensated by statistical methods or frequency domain
analyses since the speckle field modulation caused by mod-
erate is reversible, whereas its average intensity remains con-
stant,34 but the latter generates systematic errors that are
complicated to be amended by using optical techniques.40
Therefore, except by the sensing region, the fiber should
be enclosed in a rigid structure for avoiding the extraneous
mechanical effects.
Another aspect is the temperature sensitivity of the POF.
Although the detection scheme was optimized for neglecting
the contribution of the cladding modes, thermal oscillations
can affect the refractive index and the structural properties of
the cladding material, yielding changes in the guiding con-
ditions within the core region. The specklegram is also sen-
sitive to source wavelength shifts, as the modal phase
Fig. 7 Sensor response to a periodical strain cycle: (a) ZNCC and (b) EZNCC. The axis in the right side
indicates the input strain values.
Fig. 8 Comparison of ZNCC and EZNCC for the 1-mε strain range.
The solid lines are guides for the eye.
Fig. 9 Strain measurements with extended dynamic range: (a) variation of EZNCC as a function of the
strain for a 22.6 mε range, with experimental data fitted by linear function. The inset details the EZNCC
for the 1 mε range and (b) variation of EZNCC as a function of the applied strain for a tensile-compressive
load.
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deviation is modulated by the wavelength-dependent mode
propagation constant,41,42 causing the output speckle field to
undergo spatiotemporal changes even though the fiber is kept
at an undisturbed condition. Finally, the specklegram tends
to drift for long period measurements due to fluctuations in
the laser source power or in the launching setup alignment,
resulting in systematic changes in the reference fiber status
and yielding calibration loss. It is worth noticing that the
EZNCC per se is not capable of properly resolving the
fiber strain if the speckle field experiences such extraneous
effects since the correlation loss will be recognized as an
intentional change in the waveguide status and then inter-
preted as a gradually applied load.
In this context, a straightforward approach for tempera-
ture, wavelength shift, and drift compensation consists of
using an additional reference fiber subjected to the same
operation environment, but not bounded to the strain source,
similarly to the practiced in some FBG-based schemes.1
Considering both reference and measurement fibers con-
nected to the same launching waveguide by means of a cou-
pler, the drift-induced changes are expected to be visualized
in both projected specklegrams with the same temporal char-
acteristics. In this case, the specklegram changes caused by
extraneous effects will be probably superposed to the strain
information in the correlation curve, thus, one can isolate the
mechanical effect by dividing the probe by the reference sig-
nal, or by resetting I0 if the ZNCC for the reference fiber is
reduced below a threshold value. It is worth noticing that the
sensor response is not saturated because of the EZNCC algo-
rithm, so the system can perform over a wide range of tem-
perature fluctuation. Nevertheless, it is possible to choose the
proper materials for the POF fabrication in order to make the
fiber more robust to thermal effects.43
5 Conclusion
The methodology for extending the FSS dynamic range was
successfully implemented on the interrogation of a POF
strain sensor. The system provided a ∼3 × 10−3 με−1 sensi-
tivity (∼15 με resolution) within the 22;600 μεmeasurement
interval, and in contrast to the available techniques, the pro-
posed approach can retrieve the magnitude and direction of
the applied load without requiring intensive calibration or
complicated image processing algorithms. Moreover, it is
possible to improve the robustness of the FSS by acquiring
the specklegram projected from the core region, so the influ-
ence of cladding propagating modes can be neglected.
Even though additional developments in terms of POF
design and speckle field processing are still necessary in
order to achieve the resolution obtained for currently avail-
able FBG systems (typically, a 1 pm wavelength resolution
can resolve variations from 0.5 to 1 με44), it must be stressed
that the specklegram-based approach can be implemented
with a much simpler and inexpensive interrogation setup.
Finally, even though the methodology was demonstrated
to strain measurements, it is important to notice that the
speckle field projection analysis can be also applied to
other types of FSS, such as on the assessment of temperature,
current, and chemical concentration.
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